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A Statistical Method of Combining Synoptic and Empirical Tropical Cyeleone

Prediciion Systems

ABSTRACT

The National Hurricane Center uses four techniquas ag objective guldance
prepavatory to the issuance of tropical cyclone advisories, The NHC-67 and
the CLIPER systems are based on @ multivariate vegressicn analysig. The
former uses predictors derived primarily from observed geopotential height
data. CLIPER excludes observed synoptie data but includes a more explicit
use of climatology and persistence than does NHC-67. Another statistical
technigue, HURRAN, uses an analog approach. The fourth technique, SANBAR,
uses a filtered barotropic model to predict tropical cyclone displacements.
A new statistical system, NHC-7Z, combines the better fearures of NHC-67,
CLTPER and HUJRRAN., This paper describes the derivation, application and

expected errors of the NHC-72 equations,






A Statistical Method of Cowbining Synoptic and Empirical Tropical Cyclone

Prediction Systems

1. TINTRODUCTION

A diversity of techniques for the objective forecasting of tropical
cyclone motion is currently in use or under development at the National
Hurricane Center (NHC). Three of these techniques, NHC-67 (Miller, et al,
1968}, CLIPER {(Neumann, 1972) and HURRAN (Hope and Neumann, 1970) are
statistical, Another operational technique, SANBAR (Sanders and Burpee,
1968) 1s a filtered barotropic model while another,as yet experimental
system (Miller, 1972), uses a seven-level baroclinic model to forecast
changes in intensity as well as motion., While it is generally agreed
that one of the latter numerical approaches will ultimately provide
superior guldance, the more timely and economical statistical techniques
continue to be the best immediate means of providing objective guidance
preparatoxry to the issuance of tropical cyc¢lone advisories. This paper
describes a new statistical system, NHC-72, which combines the better
features of the three statistical schemes currently in operational use
at NHC,

Corzine (1964) describes a similar statistical technique which
combined five of the tropical cyclone forecast systems in operational
use at that time. Although based on a limited data sample and concerned
only with the 24-hour forecast period, the results of Corzine's study
were encourrging enough to suggest furthev evaluation of the principle

when sufficient dependent data became available,

1Portions of this paper presented at the Seventh Technical Conference
on Hurricanes and Tropical Meteorology, Barbados, B.W.I., December 1971,
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The NHC~67 system or its predecessor, NUC-64, (Miller and Chase,
1966), has been in use at NHC for a number of years. Zonal (E to W)
and meridional (S to N) components of storm motion are computed from
a series of multivariate regression equations derived through stepwise
screening procedures using predictors from currvent geopotential height
fields and height change fields at the 1000, 700 and 500-mb. surfaces.
Although the system weights the past motion quite heavily for the
initial 12-hour forecasts, this persistence is phased out gradually
after 12 hours.

HURRAN is an analog system. All recorded tropical cyclone tracks
subsequent to the year 1885 are computer scanned and those with time and
space characteristics similar to a current storm are identified and
translated to a common origin. The cluster of analog storm positions at
the various time intervals are then fitted to a bivariate normal distri-
bution, the centrolds of which represent the forecast track.

CLIPER is a technique used for the first time during the 1371
hurricane season. The system makes explicit use of climatology and
persistence through a series of non~linear multiple regression equaticns
fitted essentially to the same predictors employed in the analog sense
by HURRAN. Although HURRAN and CLIPER usually give similar forecast
tracks, the latter has the distinct advantage of always providing a
forecast whereas HURRAN fails to find sufficient analogs for a forecast

in about one out of three tries.



In addition to these three statistical schemes, a filtered
barotropic model, known as SANBAR, Is also in operational use. The
system uses Input derived from observed 1000- to 100-mb. pressure
weighted winds, Although some "bogus" data are required to augment
the wind field in sparse data regions, the system, as originally
conceived, does not use any persistence. However, Pike (19723 shows
that forcing Iinitial storm motlon into the wind fileld substantially
improved the verification statistics of SANBAR for the 1971 hurricane
season.

These four operatiocnal systems represent entirely different
approaches to the problem of tropical cyclone forecasting. Each is
capable of producing acceptable or unacceptable forecasts and it is
not at all unusual for one or more of the systems to predict widely
variant tracks. Under such conditions, it is difficult for the
hurricane forecaster to make a decision_aslto which track 1s likely
to have minimum error. Although objective guidelines are currently
being used in decision making (Simpson, 1971), the problem of which
objective forecast track to follow, if any, remains as one of the

critical operational decisions which confront the hurricane forecaster.

2. PROCEDURE

The NHC-72 system is based on principles discussed in Neumann and
Hope, 1972, where it was demonstrated that an optimum statistical
forecasting scheme must derive its variance reducing potential from

both empirical and synoptic2 sources. Storms with a westerly component

2 . . ;

In the sense used here, synoptic predictors refer to those derived
from observed pgeopotential height data, whereas empirical predictors
refer to climatology, persistence, analogs, etc,



of metlion were shown to have only about 50 percent of their motion
variance explained by curvent synoptic data. Such a situation is

quite discouraging when one considers that the bulk of storms which

strike land aveas in the United States, Central America and the Caribbean

(Hope and Neumann, 1971) are in this category. Neumann and Hope (1972a)
show that the HURRAN system performs guite well on storms with a west-
erly component of motion. Similarly, Neumann (1971) points out that
the CLIPER system, designed as an alternate to HURRAN also performs
well on storms with a westerly component of motion.

The NHC-72 system computes two independent sets of forecasts, each
set consisting of five pairs of zonal and meridional displacements for
the periods 0 to 12 hours, 0 to 24 hours, 0 to 36 hours, 0 to 48 hours,
and 0 to 72 hours. One set, hereinafter referred to an the SYNOPTIC
set, is based entirely on predictors derived from observed gecpotential
height data; the other set, CLIPER, is based entirely on predictors
derived from empirical sources. The two sets of forecasts are statis-
tically combined into & final NHC-72 set using additional regression
The procedure iz schematically

coefficients as weighting factors,

illustrated in figure 1.
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Figure 1,

Schematic illustration of the NHC-72 system.




Keeping the CLIPER and SYNOPTIC forecasts as separate entities insures

that all significant predictors are retalned in the system. This insures
that a bad persistence input will at least be partially offset by the
observed surrounding syneptic data. If the CLIPER displacements or the
independent variables used to compute the 12 and 24 displacements were
aliowable predictors in the SYNOPTIC scheme, few, if any grid-height values

would be selected because of inter-correlations in the data.

3. THE CL1PER FORECASTS

The CLIPER system derives iﬁs variance reducing potential from the
aight basic empirical predictors listed in Table 1. An additional 156
secondary predictors are generated by éonsidering all of the possible
second and third-order products and cross-products of the original eight
predictors. The secondary predictors are of the form Pin, PinPk’
PinZ, or Pi3. A stepwise screening procedure of the type described by

Efroymson (1964) was used to select that most significant of the 164

basic and higher order piedictors.

Table 1. The Eight Basic Predictors of the CLIPER System

P(1) PREDICTOR
P(L) Initial longitude

P(2) Initial latitude

2{3) Initial zonal motion

P(4) Initial meridional motion

P(5) Zonal motion 12 hours ago

PL6) Meridional motion 12 hours ago
P17y Maximum wind

P{8B) Day number




The final prediction equation, for 72 hour zonal motion (DX72), for

example, is given by,

DX72 = -60.3+46.26(P3)~8.81(P5)+29.12(P2m2&)+32.91(Pa) -
-0.022(2 )% (2,)-0.086 (P =24) (2,) (2 )+3. 29 (¢ ~68) i

where the predictors correspond fo those given in Table 1. The couplete

set of prediction equations and further details on their devivation can
be found in Neumann, (1972). |

In spite of the lack of current syneptic data input, the CLIPER
system (and HURRAN) give results quite comparable to the other statistical
schemes in which climatology and persistence are used implicitly or not
at all, Since most tropical cyclones behave quite normally, the explicit
use of empirical predictors in CLIPER explains a considerable portion of
the variance of tropical cyclone motion. Another, and perhaps cqually
important reason for the relative success of the CLIPER and HURRAN svsicoms
is the inability of synoptic data, as currently used, to explain insten
taneous tropical cyclone motion. Neumann and Hope (1972b), for cxsmple,
polnt out that if one knows the current synoptic geopotential haighi field
and the 24-hour height changes {hese values as reported on operation:l
constant pressure charts),only about 50% of the 12-hour motion variaoce
is explainable by this knowledge. On the other hand, if one knows the
exact location and motion of & storm, over 90% of the 12-hour wmotion variance

can be explained,

4. THE SYNOPTIC FORECASTS

Dependent data and grid system-The National Hurricane Research Laboratory

of ERL, NOAA, maintains and continuously updates a master hurricane data tape,



Residing on this tape are the 1000, 700 and 500-mb geopotential height
flields for approximately 1000 tropical cyclone forecast situations dating
back through the vear 1945, The helght fields are defined by an approx-
imate storm-centered & x 15 grid system as illustrated in figure 2. The
grid system and the grid-data ére identical to that used in ;he NHC-67
screening runs except that the data were updated through the 1969 hurricane
season. Also on the tape, are the best—track3 storm positions, the pre-
computed CLIPER and HURRAN forecasts and other pertinent storm reference

data.

3T
[

Figure 2. The location of the 120 grid points with a storm centered at
35N., 70W. Grid spacing is 300 n.mi,

Stratification of the dependent date set-All previous objective systienms

have found that results can be improved with some stratification of the data.

3The best-track positions are the accepted storm positions after a
post-storm analysis.



Work with the HURRAN and CLIPER systems suggests that stratification
according to the initial motion provides a logical breakdown and one
which improves the final product. Filgure 3 illustrates the stratification
scheme used in NHC-72, The origin is at the center of the X, Y axes.
The radials are directiecn of initial storm motion and the concentric
circles are initial storm speeds at 3 knot intervals., The entire sample
of initdial storm motions was fitted to a bivariate normal distribution,
A new coordinate axes system through the centroid of the distribution,
located near 340 degrees at 6 knots, was then rotated counterclockwise
through 12 degrees, At this new orientation, components of storm motion
along these axes are uncorrelated., The elliptical area includes 99
percent of the initial motion vectors of the sample, Details concerning
this fitting process are discussed in Hope and Neumann (1970). The new
A, B coordinate system conveniently divides the data into four sub-sets

with the storms in each sub-set having similar motion characteristics,
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Figure 3. The Stratification Scheme



pi=]

Predictor screening rung-A total of 720 predictors was available

for each screening run. These consisted of 120 grid-point values

definirg the helght f{eld svd the 24-hour changes in the height field

of the 1000, 700 and 500-mb. surfaces. A stepwise screening procedure

was used tn test the vardiance veducing peotential of esach of these
predictors. Separvate screening runs were wade for each of the two
otrthogonal components of storm motion feor the pevioda 0 to 12 hours,

0 to 24 hours, 0 to 36 hours, 0 to 48 hoursg, and 0 to 77 hours. Because
of practical limitations in the screening regression computer program,
each of the 40 sypoptic pradiction equations required seven screening
runs. The first six runs selected the 20 besgt predictors from each of

the six height fields while the seventh run considered the final combined
set., This final run was programmed to terminate when the addition of
another predictor failed to reduce the variance an additional one percent
or when 12 pradicters had been selecited, whichever came first, In
general, the former restriction halted the regression in the case of

ronal wmotion while the 12-predictor limit applied in thr case of meridional
motion. Limiting the number of predictors insurea that F-test statistical
significance criteria were satisfied at the cone percent level, (Burington
and May, 1958),

Supplemental screening runs were also made using other derived
predictors and predictor functions. These included the 1000 o 700-mb,
the 2000 to 509-mb. and the 700 to 500-mb. thicknesses and various
geostrophic steerdng functions. Although these derived predictors were
sometimes selected, thelr inclusion did not reduce the variance any more
than did the primary set. The additlonal loss of degrees of freedom did

not warrant thelr inclusion in the final prediction equations.
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Correlation fields-Each of the screening runs generated a corrvelation

coefficient field between predictor and predictand., Figure 4 shows a
typical correlation field between 36-hour zonal motion in quadrant &

and 700-mb. heights, In this example, the difference in halghts boiwern
grid point 37, 600 n.mi. north of the storm and grid point 99, 850 n.al,

southeast of the storm were selected as a prime predictov psiv,
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Figure 4. Linecar correlation coefficient field between 36-hour =zonnd
motion in quadrant 4 and 700-mb. height. Grid points marvkod nooof o
selected as the initial two predictors while those marked witi: davkened
circles were selected as predictors 6 and 7. (See Table 10) Other
grid-points are shown as open circles. Heavy line shows location of
zero correlation.
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Figure 5. Linear correlation coefficient fleld between 24~hour
meridional motion in quadrant 2 and 10C0mb. height. Grid-points

marked as stars were selected as predictors 1 and 2. (See Tahle 4)
Other grid~points are shown as open circles, Heavy line shows

location of zero correlation.

The differences in heights between grid-points 53, 425 n.mi. northeast
of the storm and 93, 425 n.mi, southeast of the storm were selected

as secondary predictors. Another example, this time between the Z4-hour
meridional motioen in quadrant 2 and the 1000~-mb. heights i1s given in
figure 5. Here, the pair of grid-points located 425 n.mi. northwest

of the storm and one located 900 n.mi. east of the storm, provide the
prime reduction of variance, In both of these figures, the storms were

positioned in areas with motion characteristics typical of the apprepriate

quadrant.
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The final synoptic prediction equations-The final predictors

selected for meridional motion are listed in Tables 3 through 6.

Symbolic references to each predictor are defined in Table 2.

Table 2, Predictors included in the synoptic regression analysis.
The subscript (I) refers to grid-point addresses given in Figure 2.

1000-mb. height (H10(T},I = 1,120)
700-mb. height (K7 (1), = 1,120)
500-mb. height (M5 (1,7 = 1,120)

1000-mb. 24~hr. height change (DH10(I),I = 1,120)
700-mb. Z4~hr. height change (DH7 (1),1 = 1,120)
500-mb. 24-hr. height change (DHS (1),1 = 1,120)

Tables 3 through 6 also sbecify the incremental reduction of variance

provided by each predictor where reduction of variance (RV) ig defined,
RV = R 2 = 1-(SE)2/(sD)? (2)

where R is the multiple correlation coefficient, SE is the gtandard
deviation of the error of estimate (standard error) and SD is the
standard deviation of the original data. The last row in each table
gives the total reduction of variance provided by the complete set
of predictors. The predictors for zonal motion in each quadrant zare
listed in Tables 7 through 10.

The regression coefficients correspending to the meridional motion
predictors in Tables 3 through 6 are given in the Appendix as Tables
11 through 14 while those for zomal motion are also listed in the
appendix as Tables 15 through 13. The actual prediction equation for

meridional motion (DY) in a particular quadrant at time 12k is given by,



Table 3 Vardance analysis on guadrant 1 meridional motion
Gooatetor | 12 HOUR ¥CST | 24 NOWR FGST | 36 HOUR FCST | 48 HOUR FCST | 72 HOUR FCST
Order Predictor RY | Predictor RV__{Predictor RV Predjctor RV Predictor 'RV
j=1 H5{ 51) .186 DH5¢ 5Ly 226 DHS ¢ 51) 227 DHS( 51) 197 H7({ 62) ,181
2 H3( 54) .147 { DH1O0( 71} .065 H5¢ 62) ,088 H5( 62} .119 H7( 36) .087
3 H5( 76) .058 | DH?( $2) .058 H7( 51) .08l H7( 50) .060| H1O( 3) .047
4 DH1G(102) ,027 DHS{ 65) .037 H10( 72) 065 H1G{ 72) ,059 H5(102) .050
5 HIO( 9} 029 | H1G( 2) .03 H5( 23} .042 H7( 49) .06 H7( 66) .021
6 DH7( 10) ,030 Hs{ 85) .035 HS ¢ 85%) 027 { DH7( 38) .026 H7¢ 39) .025
7 DH?( 7) 037 H7{ 51) .055 H7{120) .014 H5{ 70) .022} H10( 58) .018
8 DH5( 65) ,4Q19 H7( 69) 023 | DH7( 92) 015 | H10{ 9) .022 | DH7( 63) .0ls
9 H7( 69) .015 USC 62) 017} DHIOCLO?) 012 | WiO( 3) 016 ( DH7{ 35) .019
10 U7¢120% 021 | DHZ{ 10) D15 [ DHLOC 9) ,D10 7 92) 014 H5{ 62) .016
11 HIOCVW05) 015 | DR7C 7) .OL3 | DHSC 65) 010 | HL0( BOY .012 | DH7{ 83) .0l4
Az o782y L0120 wi(l20y L0l2 | Dylggzoo) L0l4 H3( 36) .016
Total | (k1) (km2) (k=3) (leerth) (k=6
Reductilon , 5386 '_‘7,’5787 —— NHA_M‘._‘SAQ'_:LJW#“ . 585 a1l
_Pable 4 Variance analysiﬂ on _quadrant 2 meridional motien .
25§22§;§; 12 HOUR ¥CST | 25 HOUR FCST | 36 HOUR FOST | 48 HOUR FGST | 72 HOUR FCST
Order Pradicter RV Predictor RV Pradicter RV fredicter RV Praedictor RV
j=1 H7{ 69) .110 HIO( 70) .106 HICG( 70) ,114 H5( 70y .120 H1Q( 70) .139
2 H5( 65) .08t H10( 51) .080 | H1O0{ 51) .082 H53( 50) ,079 H10¢ 98) .064
"3 DH5¢ 6) .037 DH7( 6) .060 DH7{ 26) .062 B7{ 62) .056 H5( 32) .057
4 DH10({ 73} ,025{ DH10(i10Q) .026 H5{ 70} .,030 DH7( 20) ,051 H7¢ 14) .062
5 H5( 70} ,024 | DH1OC( 53) ,015 HLQ( 39) ,029 H7( 24) ,027 | DH1O( 54) .024
6 DH7( 15) .0L9 H7{ 76) .023 H5( 65) .022 HIO{ 1) .020 DH5( 66) .020
7 HiO{ 51) .015 DH7( 15) .020 H?{ 48) .027 H10( 51) ,0l18 DHE7({ 20) .020
8 DHS( 4) ,021 DH5{ 63) .0l%6 DHS( 70) .019 DH7(114) ,017 H5( 70) .016
9 DH1O{ 54) ,017 H3{ 70) .017 pu7{ 54) .018 DH7( 99) .018 R10¢ 1) .013
1G H7( 76) ,018 DH5{ 70) ,025 { DH1O(:10) .017 H7{ 14) .016 H5( 50) ,0l6
11 H10(111) .017 DH7( 54) .017 DH5¢ 8) .0l4 [ DHLO( 54) .012 DH7¢ 63) .013
12 DHS( 70) .012 | DHSC 71) .01S | DHS( 73) .013 | DHS( 70} .013 H7{114) .011
Total I (k=1) (k=2) (k=3) (k=4) (k=6)
Reduction . 396 V431 hh6 447 453
F:: Table § Varilance analysis on quadrant 3 meridional motion
redictor | 43 your rost 24 HOUR FCST 36 HOUR FGST | 48 HOUR FCST 72 HOUR FCST
Selection .
L_grder Predictor RV Predictor RY Predictor RV Predictor RV Predictor RV
j=1 B5( 40) .160 H5¢ 73) .149% H7¢ 55) .128 W7( 55) ,122 H7( 55) .119%
2 DHZ( 20) .153 DHS( 15) 114 DH7( 20) .07 DH7{ 20) .091 H5¢ 61) ,063
k) DH3( 47) 039 HLO( 50} .067 H10( 51) 084 HLOC S1) 079 H7{ 14) .068
4 H10¢ 51 .027 Hz72{ 85) .061 H10{ 85) .04l 1310(¢ 8%) .057 HLO( 50) .045
3 H5{ 70) .33 DH5{ 3) .00 H7( 22) .03t H7( 22) .026 H10(¢ 85) .03%
] DH5( 7) .022 HS( 24) .023 DH7{ 8) .024 H?( 14) .022 H10( 97) .030
7 DHT{ 34) .024 H5( 66) .020 DH7( 34) .018 {DHLO( 62) ,.018 H1O( 16) .022
] H7( 22) .cis DH7{ 34) 015 ( DH1O( 62) .017 H10({ 16) ,017 H7{ 15) .014
9 H5{ 66) .015 DH5( 7) .0l8 H1G( 16} .09 H1O( §7) .01l H10( 51) .010
10 HS( 96) .013 BHS( 71) .015 DHS( 70) .012 H3{ 96) .013 DH7( 19} .014
11 Hs( 94) 017 ur{ 98) .012 DH7(115) ,015
| 12 H3( 73) .010 BR7(_8) .010
Total {k=1) {k=2) (k=3) {k=4) (k=6)
Reduction .532 490 1482 478 A4
Table 6§ Variance analysls on quadrant 6 meridicnal motion
s:;zzz;gi 12 HOUR FCST | 24 HOUR FCST | 36 HoUR rcst | 48 Hour FGST | 72 Hour west
Order Predictor RV Predictor RV | Predictor RV | Predictor RY | Predictor . RV
fal H5( 72y 137 Hs( 72) ,147 | DH5{ 51) .168 H5¢ 47) 170 H5( 47) 188
2 DHS{ 51) .089 | DHS( 51) 138 HBS5( 72) .140 | DHS( S1) .124 | HI{ 14) .079
3 DH10( 85) .077 {DHLO( 85) ,055 | HLO( 51) .042| DH1O( 85) .055| H10( 51) ,060
4 H10( 79) .048 H5¢ 7) .045 1 DH10G{100) .036 H5¢( 72) ,030 H7(103) .037 )
5 DH10(L14) 041 H5( 65} .032 H5( 48) ,032 H5( 50) .031 HS¢ 48) 030
6 DH1O({ 89) .026 H5( 4B) 045 H3( 50) .052 H5( 48) .040 H5( 50) 026
7 DHIO{ 31) .023 H5¢ 50y .025 | DH7( 35} 026 B5¢ 2) .031 H5( 2) .027
8 H7{ 48) .020 H5¢ 69) ,023 H7( 54) 016 | DW7( 35) ,023 | DH5S( 13) .017
9 Hs( 65) .036 | DHI( 35) ,022 H5¢ 51) 019 H7¢ 14) ,014 ; DHIO( 68) .012 !
10 DH7( 353) .025 H5( 81) 011 | (HLO( 1) 014 ) HLIGC 24) ,0L4 | H10{ 92) .0l4
11 H7¢ 69) 021 H5¢ 2) 019 DHI{ 80) .04 H¥{ 13) .011 H5(120) .0lé
12 WS¢ 7y .012 | DpH1O( 1) 011 | H10( 92} .030 HS( 85) 011 [ H10( 24) 015
L Total | (k=l) {i=2) (k=%) (kad) {k=6) ~
aduction .553 573 . 969 553 521




Table 7 Variance analysis on quadrant 1 zenal motion

Cetoscior | 12 WOUR FUST | 24 HOUR FCST | 36 KOUR FCST | 48 HOUR PCST | 72 HOUR FCST
Order Predictor RV | Predictor RV [Predictor RV {Predictor RV Predictor RV
i=l H3( 37) .564 H5¢( 37) .537 H5( 37) .460 H5( 22) .386 H5( 22) .268

2 DH10¢ 97) .055 R7({ B4) .068 H7( 84) ,111 H7( B4) .097 H?( 85) .153
3 DH5( 56) .023 | DH5( 56) .025 | H1O( 38) ,025 H7( 37) .057 H7( 12) .039
4 H7( 91) .012 {DH1O( 97) .022 | DHS5( 56) .020 H7{ 12) ,024 HS( 46) 045
5 R10( 38) ,010 [ H10( 38) .01% | DHLO{ $7) .013 | H10{106) .04 { DBH7{ 20) ,024
6 H10( 8) .016 | H10(106) .012 | HLO(106) .012 | - H7( 31) .0l4 | H10( 90) .016
7 H10( 83) .013 H5( 66) .012 H5{ 36) .010 ; DH1O( 97) .010'| DH5( 2) .015
8 H1G{ 8) .0l H5( 66) .012 | H10(114) .010 H7{ 37) .04
9 DH?( 20) .015 | DH10( 68) .015
10 DHLO{ 20) .011 | HIO{1l4) .01l
11 Hi0{111) .013
Total (k=1) (k=2) (k=37 (k=~4} (k=63
Reduction 693 L7105 664 639 613
Table § Variance analysis on quadrant_ 2 zonal motion
redictor -

Selection 12 HOUR FCST 24 HOUR FOST 36 HOUR FCST 48 HOUR FCST 72 HOUR FCST
Qrder Predictor RV |[Predictor RV [ Predictor RV | Predictor RY Predictor RV
=1 H5( 37) ,329 H5{ 22) .370 HS( 22) .373 HS( 21) .347 K7( 12} .338

2 HLO( 75) .077 HS({ 12) .060 H5( 12) .092 HIO( 75) .119 ns(¢ 7y .1l
3 DHIO{ 97) .033 H5( 37) .035 H1G{ 75) .039 B5( 12) .04 HiO{ 75) .0586
4 H7( 15) .028 H10( 75) .039 HI{ 36) .032 HIOC 37) .024 DH7( 15) .028
5 H7( 38) .013 1 DHIO( 97) .030 | DH1O{ 97) .027 | DH1O¢ 97) .022 H5( 36) .01L9
6 H10( 89) .010 | DH7( 15) .018 | DH7{ 15) .016| DHS({ 37) .018 HS{ 61) .033
7 H5( 12) .0l12 H10( 89) .014 H10( 89) .012 H7( 15) .0l4 DHS{ &) .01l
8 H10{ 37) .012 HS5( 38) ,010 H5(¢ 38) .01l
9 H5( 82) .01l H5( 85) .012
10 H10( 89) .013
Total (k=1) (k=2) (k=3) (k=i} (k=56)
Reduction 502 577 .612 .621 . B00
Table 9 .Variance analysis on quadrant 3 zonal moticn
redictor | 4, poyR posT 24 HOUR FCST 36 HOUR FCST 48 HOUR FCST 72 HOUR FCST

Selection .
Order Predictor RY | Predictor RV [ Predicetor RV | Predictor RV | Predictor RV___|
=1 H5( 37) .304 H5{ 37) .322 H5¢ 36} .300 HS{ 21) .288 H7{ 12} .365

2 H10( 75) ,056 | HLO( 75) .063| H10( 75) .079 | HLG{ 75) .082| HIO( 37) .065
3 H10¢118) .033| H10(118) .(039 H7( 12) .031 HY( 12) 041 #G{ 75) .052
4 H5( 65) .D14 DH5( 6) .028 H7( 61) .040 H5( 46) .044 DH7( 30) .026
5 H5( 81) .028 H5( B4) .0l6 H5( 37) .025 H5( 37) .053| DHS( 35) .024
6 H7({ 84) .016 H5( 65) .020| H10{118) .019 | DHS5{ 35) .021 H5( 37) .022
7 DH?({ 65) .011 H5¢ 81) .018 | DH5( 21) .017 | Hl0(118) .0l12 H5¢ 46) .033
8 DH7( 51) .017 H10( 89) .011 DH5( 81) .012 H5( 84) .011 H5( 986) .016
g H5( 13) .015] DH5( 52) .010| DH7{ 30) .0l1| H10{ 89%) .01l
Total (=1} (k=2) (k=3) (k=4) {k=6)
Reduction AT79 .533 .534 . 565 613
Table |0 Variance analysis on quadrant 4 zonal motien

g:igiigg; 12 HOUR FCST | 24 HOUR FCST | 36 HOUR FCST | 48 HOUR FCST | 72 HOUR FCST
QOrder Predictor RV Predictor RV Predictor RV Predictor RV Predictor RY
=1 H5(¢ 37) .532 HS{ 37) .525 H7( 37) .492 H7({ 37) .453 H7{ 37) .366

2 H7{ 83) .067 H7( 99) ,085 H7¢ 99) .111 H7( 99) .134 H7(101) .3i50

3 H7(¢ 53) .0481{ DH7( 55) .036 | DHS( 51) .027 | DH5( 51) .033 H7{ 14) ,052

4 DH7{ 55) .021 HZ7¢ 75) 0231 DH7{ 55) .024 H7{ 14) .018 | H10{ 17) .029

5 H7( 51) .017 HS( 50} .015 HS( 36) .023 | DH7( 55) .016 H7{ 84) ,020

6 DH7( 62) .012 H5{ 66) ,0l4 H7( 83) ,014 | DHS5( 34) .0L5 H7( 51) .018

7 DHLIO( 98) .01l H5( 52) .019 H7{ 53) .01%| H10{ 75) .01l4 R7{ 76) .013

-8 H10( 53) .014 DH7 {100} .011 DH5( 3) .01l4 H7( 40) ,016

9 H7¢ 83) .04 H7( 76) .013 | H10( 79) .015

10 HIO( 56} .013 HS{ 36) .021

11 H5( 36) .014 H5( 61) .013
12 DH10( 98) 011

Total (k=l} (k=2) (k=3) {k=4) (k=6)
Reduction . 709 (745 721 747 . 713
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DY(12k) = C(0,k) + Z C(3,1P3E,k)  (kAS)
=1,N
1,6
(3)
where P(j,k}) refers to 1 of N predictors referenced in the appropriate
table 3, 4, 5, or 6, and C{j,k) is the corresponding regression coefficient
referenced in table 11, 12, 13, or 14. Similarly, zonal motion (DX), at
time 12k is given by,
DX(12k) = C(O,k) + 2 C(j,k)P(},k) k#5
3=1,N
k=1,6 (4)
where the appropriate value of P(j,k) and C(j,k} can be found in one of
tables 7 through 10 and one of tables 15, through 18, For example, 36
hour zonal motion (n.mi.) in quadrant 4 Is given by
DX(36)= ~2833,0+.6135H7(37)-1.3803H7(39)+1.,3461D5(51)
+1.0294DH7 (55)+1.,1769H5 (36)-2,2887H7(83)
+1,7655H7(53)-1.3402DH7(100), ‘ (5)
These equations provide an estimate of tropical cyclone displacement

based enfirely'on‘predictors derived from observed synoptic height data.

5. TﬁE’NHC?Z FORECASTS

ﬁollowing the schematic in figure 1, ‘the final NHC72 forecasts (NF)
are obtained by combining the CLIPER forecasts {CT) described in section
3, w1Lh the SYNGPTIC forecasts (SF) dasvrlbed in sectlon 4 such that

NF=f (SF,CF) | I (6)

As demonstrated by Neumann and Hope (1972b), any weighting factor used
in this combination must be both time and space dependént. Accordingly,
a separate set of weighting factors were derived by regression techniques
for each time period and for each quadrant, In general, it was found that

greater weights ave given to the CLIPER forecasts with decreasing latitude

and at the shorter forecast periods. In order to accounl for any



nonlinearity in the data, function (6) was represented by a second order

polynomial,

NF(CF,SF)=C1+CZ(SF)+CB(SF)2+C4(CF)+CS(CF)2+C6(SF)(CF) (7

where the ponstants C1 through C. were determined by regression techniques.

6
The computed constants for the 40 equations (5 padrs of eguacions in each
of the four quadrants) are given in the appendix as Table 19. The final

equation for 36-hour zonal motion (DX36) in quadrant 2 for example, is given by,

DX3g= -1.2+,5325(SF)-,0005 (SF) %+.5742(CF)~.0004 (CF) 2+.0008 (SF) (CF)

(8)
and for 36-~hour meridional motion (DY36) in quadrant 2 is given by,
DY36=13.7—.0206(SF)+.0005(SF)2+.6190(CF)».OOO?(CF)2+.0014(SF)(CF).

(9

Meridional Motion Zonal Motion
ﬂ;fo | ocLiiERmoFoTE%%f:;L:?bgl)‘ 00 r 500l _xo | ?CLTER'TiofEiggT (@brn r74°° 500
= r ,"9{ / //':
GR- \ / / 7__,_...——-———- G// xyo/ ///
2 HIE L o
b |2 o I/ 4 L~ 5' 8 I
é | / I(OJ .S_? / /": S / //\‘30 / //
%zoo‘ / f € adl & o8 A A1
g roe é? 4 P Q290 7
O /6 / u q,é) / /
: & Al T :
g Al 3 A7
IO rd 2 300 - = /
3 l / + L7 |z #
l/ /// L/ épi //,/: - ﬂ V /ggf 4
400 ///4// 2 //
/ 74
%z RN
500 A /] L_ |.(:pu BOO 1 1 1 L L FA

Figure 6. (left), and Figure 7 (right), showing the graphical solution

to equation= (8) and (9). The curved lires give the final NHC-72 36 hour
forecast displacement in guadrant 2 as a function of the CLIPER and SYNOPTIC
displacements. The symbol () locates the mean of the marginal distributions,

Graphical solutions to (8) and (9) are given in figures 6 and 7. The

figures illustrate the advantage of using a higher order function to
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compute the final forecast displacement. It can be noted, for example,
that a meridional CLIPER forecast of, gay, 400 n.mi. and a SYNOPTIC
forecast of 400 n.mi. will yield a final NHC-72 forecast displacement of
458 n,ml,, greater than either the CLIPER or SYNOPTIC centributioén.
Similarly, it can be noted on figure 6, that a CLIPER and SYNOPTIC
forecast, each of 100 n.mi., yields a final displacemént forecast of

86 n.,mi,, less than either of the individual contribuﬁions. Thus, the
second order equatlon (7) provides a better means-of feséiving the tails

of the data distribution than would a simpler linear Ffunction.

7. OPERATIONAL IMPLEMENTATION OF THE SYSTEM

Data retrieval- The NHC-72 equations were programmed in the Fortran

IV computer language and cataloged in the NOAA GDC 6600 computer system
at Suitland, Md, Access to the computer system is'through the pée;«ZOb
terminal located in the Miami NOAA complex at the UniversityroflMiéﬁit
The synoptic data required to run the program are retrievea ffom curreﬁt
files, routinely stored in the computer by the National Megeorologiﬁal
Center. The NHC-72 forecasts for the 1600GMT and the O4OOGMT advisbrie$
use the initial 1200GMT and.OOOGMT analyses available,approximately l
1/2 hours after observation time. The 22006MT and ﬁhe'IOOOGMT;NHC—fQ'
runs are based on a six hour forecast for the "observed" déta whilé the
24 hour height changeldéta are computed from a‘ﬁeaﬁ of thg‘previoué
analyses made 12 and 24 hours earlier, | |

Sample program output- Figure 8 shows a typical output from the

program. The CLIPER and SYNOPTIC forecast displacements are presented
for information only and provide the forecaster with some insight into
the magnitude of the components of the final NHC72 forecast. Figure 9

shows a portion of additional program output. These are supplemental



data and can be used to trace any possible irregularities in the program.

Excessive departures from normal in column 9, for example, might indicate

that the height data given in column 6 are invalid. The abbreviation

(CLM), appended to column 5 in the case of 12 hour =zomal wmetion.

| “ac-72 FORECAST PACKAGE ON STORM GINGER 9/27/71 O0COGMT.,
INPUT DATA---INTTIAL MOVEMENT 230/02, MOVEMENT T-12 MRS 000/CO0
MAX WIND BOKTS, QUADRANT 3 EQUATIONS USED,

FCST PERIOD VALID TIME CLIPER SYNOPTIC NHC-72
T+ O HRS  9/27/71 002 27.8N 70.2W 27.8N 70.2W 27.8% 70.2W
T+12 HRS  9/27/71 12% 27.68 70.6W 27.2N 71.IW 27.5N 70,7W
T+24 HRS  9/28/71 00Z 27.8N 70.9W 27.0N 72.5W 27.2N 71,5
T+36 HRS  9/28/71 122 28,28 71.3W 27,94 71.7W 27.6N 71.6W
T+48 HRS  9/29/71 00Z 28.8M 71.S5W 2B.ON 71.9W 27.58 71.8W
T+72 HRS  9/30/71 00Z 30.8N 71.3W 3L.4N 75.1W 30.5N 73.9W |

Figure 8. Sample program output

/21 Q000GHT GINGER INITIAL POSITION, 27,84 70.2%

CONTRIBUTIOR (N.MI.} OF EACH SYBOPTIC PREDICTOR TO 72HR MERIDIOHAL MOTION,

Bk ek ke kA kAR A AR AR AR AR AR ARA AR AR RN R ARk bRk kR kAR AR KRR R FAAA AR R RN AT kR RA kAR Rkkdh AR KR AR AR RN AR kR kR & Rk AR Ak
PREDICTOR * REGRESSION * GRID % GRID-FOINT * * PREDICTOR * * HFAN PREDICTOR * DEPARTURE FROM
KUMBER * COEFFICIENT * ADDRESS * LOCATION * PREDICTOR * VALUE (METERS) * CONTRIBUTION * VALUE (METFRS) * NORMAL CONTRIBUTION
RHARKARAKRARRRARRAREARRARRI KA IR KRR AR AL AR KA RAARRRARKRKKRARARKAAAXRAARARRRRRAARRRRAALARRRRA KA AR IR RS R RA R RKF KR RRER AR A I d &

0 [NTERCEPT ~13480.46
1 1,3604500 {5,103  32.8% 52,44  700MB HT 3198,0 4350, 69 (NWD} 1184.8 18.0{KWD)
2 1.8071030 (4, 1) 27.8% 104,14  SOOMB HT 58940 10651, 07 (WD} 5859.9 BL.6 (t0i)
1 -1,3362820 (8,14)  47.8% 18,14  J00HB HT 1136.0 4190, 58(5WD) 3124.0 ~16.0($tm)
4 L 1486974 (5, 53 32.8% B2.1M 1000MB HT 165.0 2454 (KDY 138.7 1.9 (KWD),
5 2.4279950  (3,10)  22.8% 53,94 LOOOMB HT 138.0 135,06 (8WD) 129.0 21, 30D
6 ~2.6755240 (2, 7) 17.8% 70.24 L00OMB HI 99.0 ~264.98 (WD) 104, 9 5. B{NWD)
7 7620446 (7, 1) 42,8% 111.1W 100OMB HT 60.0 55,72 (WD) 121.3 46, 7{54D)
Y 1.0356660  (8,15)  47.8% 10,7W  700MB HT 308%.0 3189, 17 (kWD) 3130.6 ~43.1 (SHD)
3 -2.4506220 {5, 6) 32.BN 76,14 LODOMB HT 156.0 ~187.20(SWD) 138.9 ~46.8(S¥D)
10 ~1.0369390 {7, 4) 42.8% $0.6M  JOOKB CHG 34,0 ~135, 26 {SND) -4.6 - 40,0 (5UD)
11 -3,3531660 (1,100 12.8% 54,84  700MB CHG 3.0 -30.18{SHD}) 4o 15, {SHD)
NORMAL DISPLACFMENT FORECAST IS  304.4 K.MI. ACTUAL FORECAST =  717.6 N.HI. TOTAL DEPARTURE IS  -8A.8 N.MI.

CONTRIBUTION {N.MI.) OF FACH SYKOPTIC PREDICTOR TO 12HR ZONAL HOTION.
FARKRENKARARARAA KK NRARARARAAARKARIRRERIR AR RRANAAAA RS ARIAAARAKRRAARAN KRR RARARAKARRRAR AR ARARKRRAR AR AR AR RLARRAARARR A AR HA AR RRK KKK
PREDICTOR** REGRESSION * GRID * GRID-POINT * *  PREDICTOR L] * MEAM PREDICTOR * DEPARTURE FROM
NIMBER % COEPPFICIENT * ADDRESS * LOCATION * FREDICTOR % VALUE (METERS) * CONTRIBUTION % VALUE (METFRS) * NURMAL COXTRIBUTION
KA RRA Rk ARAR R ARk A AR AR AR AR RAR AR RAARAARR SR AN AR AR AR AR RR KR AR RNk R R R R ek KRR AR R Ak k& KA ek ok

[} INTERCEPT ~4496.25

1 . 7227983 6, D 37.84 70,2 SDOMB HT 5817.0 4204,52(WHD) 58R2.7

2 -.3194008 (4,15)  27.8% 25,0 1000MB HT 145.0 -46, 31 (EHD) 143.2 -47.5 (EWD)

3 L6068524 (1,13) 2.8 39.4W 1000MB HT (CLM) 127.0 77.07 (WD) 127.0 0.0(NILY

4 6016613 (4, 5) 27.8K BL.5M  500MB HT 5907.0 3554, 01 (WWD) 5881.3 15.5(wWB)

5 -.3973381 (3, 6) 22,84 75,6%  5QOMB HT B61.0 -2328, 80 (EWD) 5864.4 L. & (WD)

6 ~.2905358 (3, 9% 22,84 59.4W  700MB HT 7.0 -922. 45(EWD) 3166.2 ~2,6{EWD)

7 ~.6329339 {4, 5} 27.8N BL,5W  700MB CHG -21.G 13,29 (WD) -1.5 12.3{WWD)

& L4443388 {5, 6) 32,88 76.1w  7OOMB CHG -14.0 -6, 22(EWD) -2.7 ~3. 0{EWD)
KORMAL DISPLACEMENT FORECAST IS 74.9 M.MIL ACTUAL FORECAST = 48,9 N.MI, TOTAL DEPARTURE IS -26.8 N.MI,

o o 66 ®© 6o ©®© OO0 O ®

Figure 9. Supplemental program output
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(Contribution of Predictor 3) indlicates that climatic data were substituted
at grid point (1,13)*, located in this example at 12.8N, 39.4W. This
‘locaticn 1s south of the NMC octogonal grid, and therefore actual height

values werea unavailable,

8. ERROR ANALYSIS

Dependent data- Table 20 gives the mean vector error (MVE) of the final

NHC~72 equations applied to the dependent data set. For any given forecast
interval, the large inter-quadrant variations of MVE reflect not so much

a different degree of skiil in forecasting'for the various quadrants but
rather the different standard deviations of displacements within these

quadrants,

Table 20. Mean Vector Error (n.mi.) of NHC-72 forecasts based on the
dependent data set. '
FORECAST TINTERVAL (HRS)
1224 36 48 72 Number of Cases

Quadrant 1 26 81 142 210 362 172
Quadrant 2 22 61 106 163 294 212
Quadrant 3 19 57 100 144 252 198
Quadrant 4 24 73 137 189 333 188
All quadrants 23 68 120 175 308 771

The "all quadrant' data listed in Table 20 are plotted alongside the
MVE of the HURRAN and CLIPER dependent data sets in figure 10, The
decrease in MVE of NHC-72 over these two systems averages about 20 percent

over the five forecast periods,

* In this printout, grid adresses are in the form (I,J).where I is the
row number and J 1s the cloumn number starting in the southwest corner
of the grid.
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400 ; . . Y T p
. 3801 CLIPER //1
Table 22, included in the Appendix, asol \\\/”A
. 3401 B f{
presents a much more detailed error 330l
) . \ 300
analysis than that contained in Table psok
} , 2601
20, The number of cases listed in g
= 2401
z
Table 22 are greater than in Table 20 e 2%
E 200—
since the former includes some cases & 180 ,
E w60r j“,/ xicT2
(+]
from adjacent quadrants, This overlap E““‘ Y
=190 /”
effects a smoother transition between 100~ hd -
displacement forecasts when passing from 6ot A .
,l
401 V,’
one quadrant to an adjacent quadrant. ok ﬁ/’
00 1l2 2,4 3'6 4lﬁ 6;3 72

Some of the data from Table 22 have been

FORECAST PERIOD (IOURS)

plotted irn either Figure 11 or Figure 12. Figure lOl Mean vector efrors
‘ of CLIPER, RURRAN and NHC72,.

Figure 11 includes data from quadrants :
. 1 and 2 while figure 12 includes data from quadrants 3 and 4, The smooth
curves connecting data points were objectively drawn using a technique
suggested by Akima (1970). The first three of the four panels in each
chart show, respectively, the percentage reduction in variance, the
multiple correlation coefficient and the standard error of estimate for
the CLIPER forecast, the SYNOPTIC forecast and the combined NHC-72 forecast.
The fourth right-hand panel shows the standard deviation of the obsefved
displacements. This latter quantity is identical for all the systems
since the dependent data set is homogeneous, The mathematical relationship
between the four quantities is givén by (2},

As an example of interpretation of the data on these charts, consider

meridional motion in gquadrant 2 on Figure 11. Here, the SYNOPTIC forecast

is seen to explain only 40 percent of the 12-hour motion variance while



]

7z pue | siuedpenb 404 S1SAiBUE JoddT

"1 edanbiy

(SyH) 00I¥3d 1504 (SHH) GOTH3d L824 (SuH} O0I¥34 L1533 [SyH] O0IY3d- 4834
ZL 08 8F BE ¥2 I O 2L 03 By B Y2 21 4 TL 08 Br B ¥Z Zi 3 CL 08 8¢ 8€ ¥T 2T 0
—r———r— 0 : ; O T 0
. M
P o o
3 So40m3 =g .T.n F EEDS
o ) =
b 2 (=]
o 2
r Q621 g Sl Bo_ g xu.:.s {ee
» i m 2
< =
L ; st o St ey b 4o
F s = < (
/ = =} m JIL4ONAS
2 o3l N o
s Hovz iy Jr-
; a 2| widiw 2 ;
i 3 3 p
L Jooe S Ho0e B ,/A\ -ps-03 4o
z = g
= "
= JILSONAS | i
F Joe =t Jose @ | NN o705 08
oy -~ - m
£ S 7
k Hozr & quar T & N\ Do 400
= il % m
m = m
= o
o o8y o3 - Hoer _ / “u-0 408
= \_ f
= = ZL-3HN /
I <2rs X 40rS . | -Q6~3 - 4 06
0038 — DL

H N 1Ny

MO0 )

NOTLOW 1BNOTQINIW

{LNIIYI] FINGTHHA 40 NOTLINA3N

{SHH) OCIY3d 1534

(S#H) GOI¥3dd 1624

(SEH) OO0I4¥3d 1524

(SHH) G0I¥3d 1534

[SYH) QOIM3d 1834

{SHH) Q0T¥3< 1834

(S8HI 00I¥3d 1834

(SdHT 00[¥3d4 1824

(21

NE4dENT

NOT10W 18NOZ

zL 09 8 BE ¥2 I O 2. 08 8 OF ¥Z 23 O 2L 09 BY 9E ¥Z 2L O Tt 08 Br SC ¥E ZL D
—— T o — b T r—— " 0 T o
% @
%
X o vv
3 Foam3tH 03 3k $ia ] ot
4 o =
= [=1
cx X
=
L ; ~H0zt @ - —H02r © -gz*'0 I R
K m e d
I = m el
g d —
s =3 ] —
= il gaﬁ il \“ H4o61 5 ) Qe+ e
7 (= i
. = \ p=1 i
.A =
: o m\ . e
r ! qorz ™ I, G0 I r 3G - 4oy
¢ g1 2 2
@ ; = = J15d0NAS
S - - o o503 408
J 0% T T uzdr <o F5 05
m (=]
. z s 24 839m
Eos qo9r @ - Hooe @ - RlI=R S G 4 8s
i @ i - m -
! - o3 -
1 - wﬂ_ - /ﬂ
. n - =
ke dJozr &S F o ZE yagrm ) {oc
/ Z = £ . m
m o - ) =
= w ,.rll.Jn||1\ -
I -o8r - Hoer _ /nyum.mcz»m.am 0 409
= 3 =,
F Hors X | 40rs . | ZL-JHN T80 408
3 ) ﬁr L I W 1 xﬁtnm I;I\IL'NLQ\ (i3}

(ANTIYAL: INWTYHA 40 NOTLING3Y

i 939y 3 vz 21 o 7L 09 BY GE vZ 2L O Z, 09 BY 9 vz 71 ¢ 3. 03 67 3€ Y2 21 D
T o [ ——b0"0 -
o
bis \
) w
o P im3 oo - g
/ R =
7 E =
, = uv)
.1 =
E Joz1 01 © | L .
ﬁ s - aid = ™
.w — = H H (=)
L i .- 3 = &
o8t 08T 5 - £ X 19
! 2 o & / <
3 hul =
ki o !
F i HGrz T otz 3 vog - 102
/ =) A NEEER = i, . -
! o o i - D
Fod o0t 5! oot 3 - /« ok \ os 2
7 = / - % = ,u:mﬂz»m/o E
‘ (=1 = = o
s - — - - m
I : , Joge oy Y Hogg @ - % 9-00 Bl P
i - =3 \ =] _
i W ~ m “ -l
2 z % T z
- ‘Anu.. m - Jozr M Eoim/ t0m 4o i
= =7 @ \ m m
al N a|-v - u 2
- oer 5 ﬁ -a8r ”\ g-c = 4 08
z ol !
o Jovs X b —oee U - ,« .ﬂm.u 48
=
i Haamangwﬁ HHQ IENG. i
ESHH] Q0T¥dd 1S23 [SYHI 001y3d 1824 (SHH) GOTHSd L1534 [SWH) 007¥3d A534
7L 09 6r 9€ ¥3 TL O L oo A 9 vz 2t O 2. 09 Br 3E k3 21 C N ;
— DS i 00 S L
— | |
.Hqu‘ ur
- - o1} w : 122} M o b 401
r el m
. o =]
E
L ; ezt g -0zt I - zo_ b 1oz
. s oo a -
) JLdONAS| B - 2
b 4081 2 F EAR ces b 405
i o
/ = 2 & s
o o =] =
= i ~“0¥2 T —U¥Z ..U_., F |n:1um I 4 oy m“
i’ [= 3
{ 2 a AN wad1 <
s ==
L ; oot & oos & + ol //_m s =
d & - = ES
1) = = = / s
Lo fese & b vge @ L we-0g | NRETILES B
i w Y3417 ~ X m .1;1..? r oy
; 2 z 3417 ] m
- Q
by e Bt L N b 1oe
; o pl = = =
/ o L SLLdanNigl & -
l gy ~oar _ kL T H 870 4 pa
N = e .\A )ﬂ/|
=
F Jors = _. fors T} ZLEOHN 60 + 06
T =
uoa Z T o] oy e gy

HYOHN0 )

NOT10W 1BNOZ




2

w LONAL xo ION  (QURBRANT 3) : ZONRL MOTION (GUADBRANT 43
1 T — G ——T————— EOQpT— T J W0 —r—r 77— 1-0 T T EOU: T
, - = - ;
% - gt = saof 4 LT AN | = ek = sagk E
= = S = z '
. =z = uﬂpim,-f = = !
0 - i - 2 agoh 4 1.80- 1= ol ] L .
- m SYNOPTIC N, -4 @ = " svngeric ™ o = '
s = - = {
£l 2 eTNE : = E NOIE Z !
© =0.7 CLIPER | D *0r g A w LR S CLIPER " & azck EEL P
= w [ - B & " [ purt !
g 5 5 & SlE i < & /
- L D iy ! e ¢ - L& z
w oo N 1m0 /] - Sa.sd < & se0- 5 sl S
=4 = a Q f = a s
z g i i g 3 = £ :
—~ 50 b =] A @ apgr - gpok [ - L [N B 3 = 4
ar J 50 050 - @ sk & 300~
3 =" g ?:.T = / z CLIPER | & = s
- g P % / > o] o @ ;
Sawl 4 Sa. 12 b Wz g A P £ s - ?
- o o e ; (=g = mouhci - o 240F M 240 H =
W w ,m W .... W us =] = | ‘m
= ] ; P=1 — = ;
530 E &g, 4 & war Yl 4 - =3 b 4 g <4 & Eg 120 ! A
= — & o ki 2 = g =
g 2 = = g B 2 g JE f
= K : .
g 2 12 Sl 5 2 5 = |
= 12or < 120- o 20+ = TR.2 4 = 120 c 2l N
@ ] ; = fa) !
= = = z.Lnaam =4 HE
- = @ [
wh J 4. TEpcl Rt 0k 1 a T g - wm;, AA
2l = K < =
] ’ | . o i ;
s M R R c . o P . . :
O 12 24 36 43 &0 72 © iz 3% a8 8072 ¢ iz 24 36 48 83 %2 G 12 24 36+ 0 2 O o iz ar s amer v P vz oe s st o vz ° o iz v e en o U ¢ iz hr aar e
FLCST PERTOD (HRS: F237 PERIEGD (HRS) FCST PERICD fHRS) FCS™ PERIOL [HRS) ¥ FCST PERIOD (MRS €CST PERLGD (HRS! SCST PERIIC (HRS! FCST PERIGD [HRS)
-
3) : A
o MERTDIONAL MOTION (QUADRANT 3 MERIDIONAL MOTION (QUADRANT 43
—T .nn.. — T T G0Cr—T T T 28] T ﬂllﬂ 1 1. nrﬂ — BLO— ‘~ mnnﬁ T T _
% R o a0 4 = gt { %0 | - n.maa, 3 % - ma.ﬁ 4= msﬁ .A
.2 ) = : Iz |2
8o b 0.8d 4= s 1@ yanr 0 - 080 -7 amge v g0 4
- = z 3 = Lo &
- - — b
— w = = - ) . = =
= - Coa L pry} ar b .
S ELRTS -rr/u } 4= sz { & zop 1 e S0.3 X | = E ek 43 e -
g = AN = o - /wznu:q o €
.. = g I o =
wi w STRAPTIC =< [ ] w T o .
s 5] el Z s b [ = S
Cear So.enr 1 & s80- 15 as0p 1 o b e & asch 42 e Ia
g 2 e g g 5 e g ‘
z s TSy NA 2 s | Z g = d Hum» o z
= F =l B 2 3w L g o 50 0.8 m 3cok = Aok S
= p CLI%ER < @ 3 < & @ :
o @ CLIPER |8 = Bt o z
L a o | w = i W =
o 40 - o040 4 w240 o Zalp o 40 | / < 0.4 W 240 L 240F .
bt =] P =] K
3 n/ w 5 = 3 LY & = /
— - =] =1 U, © =] y
5ot N Eoa { & 180 sk = ap b JZg.3 4% 1anf = 180 p
g N & @ g ~Ne e = d
bt 3 X I~ = CLIPER T & Z !
& cl1eER N £ Qo & 2 > o ’
20 - / 0.70- 1o 8ok T sl 4 Fo-2 2 1200 2 120 4
@ o <4 : o B
: S z g =
1ok 4 ot 1= e 266 1wk 4 041 o Se0f S .
1 %] mxn b & d
: . = _ | i =
5 FUR Y VORI R Ut S S S S o T S S T o L L ot 1 L L Lo
8 12 za 35 48 60 12 T 1z Te 35 48 83 12 T 12 a4 38 48 BC 72 U 1z z4 36 45 50 72 St mar e 2 S T ar e s s - S ¢ T o en e vz U 6 iz s % i m Tz
FCST PERIOD (HRS) ri8T PERICC HRS! FCST PERIOD (HRSI FCST PERIOD (HRST FCST PERIDD (HRSY FCST PE®ICD iHRS: FCS™ PERICL [HRS? FCST PERIGD {HRS)

Figure 12,

Error analysis

for quadrants 3 and 4
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CLIPER (assuming, of course, that the empirical data are perfectly-known)
explaiﬁs 81 percent of the varlance. The reduction of variance of the
SYNOPTIC forecdst incfeases slightly with time whereas, that of the CLIPER
forecast decreases rapidly with time, crossing the SYNOPTIC curve in
slightly less than 36 hours. The combined effect of the two systems
(upper curve) results in an initial reduction of variance of 83 percent
with a gradual decrease to about 51 percent in 72 hours.

Examination of the various panels of Figures 11 and 12 reveal large
time and space variations in the inherent ability of the empirical
forecast system and the SYNOPTIC system to forecast tropical cyelone
motion. Note, for example, in the case of meridional motion in quadrant
1 (Figure 11), that the SYNOPTIC curve ~=rosses the CLIPER curve in less
than 24 hours whereas in the case of zonal motion in quadrant 3 (Figure
.12), the crossing point is about 54 hours., The weighting factors used
toe combine CLIPER and SYNOPTIC as listed in the APPENDIX, Table 19,
reflect this variability.

Test on 1971 independent data- Tests were run on 1971 tropical cyclomnes

for that portlon of the season for whic“h CLIPER forecasts hdd been made,
and forwhich the appropriate synoptic grid data were available a- the
National Hurricane Center. The tests were restricted further to thé upper
air synoptic times, 0000 -and 1200 GMI'. The NHC~72 forecasts were run with
the initial position, speed and direction of movement the same used in
real time bty the forecaster in order to cimulate operational conditions

as closely as possible, The number of such forecasts ranged from 51 at

12 hours to 2% at 72 hours, A summary of NHC-72 mean vector errors
compared to a homogencous sample of official and NHC~72 forccasts is

shown in Table 21,
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Table 21. Mean vector error (n.mi.) of NHC-72 forecasts compared to
homogeneous sets of NHU-67 and officlal forecasts of independent data.

FORECAST INTERVAL (HRS)

12 24 48 72
NHC-72 44 94 182 292
NHC~-67 47 g5 292 575
OFFICIAL 44 99 232 356
No. of Cases 51 46 37 29

The results of the evaluation on this limited sample of iandependent
data are encouraging, especilally at 48 and 72 hours, where there was
considerable improvement cver both the NHC-67 and the official forecasts,
Evaluation of these independent data verification suggested the need of
a separate set of equaticns for the Gulf of Mexico and the Western
Caribbean. Analys s bias indicated that the presence of the summertime
semi-permanent heat low cver southwestern United States and northwestern
Mexico produces anomalous grid-point values, especially at lower levels,
over the western portion of the grid when a storm is located in these areas.

Although not shown here, a separate set of equations was developed for
the area west of longitude 81.50, and preliminary tests on dependent data
have shown significant improvement. Tests on a small independent data
gsample, which included the three 1971 storms passing through this area,
Bdith, Fern, and Laura, showed that the new equations produced forecasts
with a 24-hour mean vector error about 10 percent less than the values
obtained using the general equations for the same forecast situations,

Since these results have been so promising, the new equations will be
incorperated in the operational system prior to the onset of the 1972

hurricane season. Also the other equations will be revised somewhat
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since they no longer will include information obtained from grid-height
values over the western portion of the Gulf and Caribbean and adjacent

areas.

9. ANTICIPATED REFINEMENTS IN THE SYSTEM

The 20 percent reduction in the mean véctor error of- the NHC-72 over
the CLIPER and HURRAN fofecésts based on the dependent data set and the
encouraging results on independent data for the 197] hufricane season
suggest that the approach taken in the NHC-72 syatem has considerable
merit. Accordingly, the work will continue towards further refinements
in the system, It is the opinion of the authors that such efforts should
be channeled toward further modifications in the stratification scheme
discussed in Section 4, An optimum statdistical forecasting system, for
example, might derive a completely new sel of regression equations each
time the program is run using a circular or elliptical scanning technique
to select homogeneous cases. Additional efforts will be made to study
the effects of using predictors derived from prognostic grid-height data
in conjunction with the observed griﬁ—height data az currently used,
However, 1t is not anticipated that the bagic design of the NHC-72 system

will be altered.
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Retfievai of current and 24-hour old height data from the computer
data files maintained by NMC reduired considerable programming and
engineering, ably accomplished By Mr. Elbert Hill of NHC with some
assistance from Mr., Fred Zbar, Trepical Program Coordinator of NMC.

Programming Akima's -(1970) curve-fitting technique for an X-Y plotter
was accomplished by Mr. Peter Chase of the National Hurricane Research
Laboratory (NHRL)., The latter organization also supplied the magnetic

tape which contains the synoptic grid data,
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TABLE 19 REGRISSTON COLFPLCLENTS FOR HMERTDIONAL MOTION IN QUADRANT 1
PREDICTOR __
RUMBER (.J) L2IR FCST 24HR FCST 36HR FOST 48HR POST 72HR FCST
J=6 86,1900 ~1318.7000 -3206.7800 -15629.8000 —21802.6700
1 ~0.6326 -0.6721 -1.1803 -1.2432 0.5749
2 0.2083 0.8779 1.1057 0.9318 0.6155
3 0. 2869 1.2525 -2,1807 =3, 7490 1,4928
b 0.2973 ~0,7716 1.2362 1.2730 3,4557
5 0, 2186 0.3690 0.3601 2.3792 -3,3164
6 -0, 1631 0.3597 1,0491 -1.4537 1.2267
7 -0.1692 ~1.2913 ~1.4791 1,3189 1.5625
8 -0,3486 0,9108 1. 8869 0.4286 3.0217
9 0.3920 0.4436 1.2035 0.5538 -2.3808
10 ~0.5247 -0.2480 0.2954 2.1650 2.6571
11 0.2602 -0.,2227 -0, 8666 -1.2558 2,7098
17 0.360¢ ~0.6741 _— 1.5760 -1,9359
K=1 K=2 K= 3 K=4 K=6
TABLE 12 REGRESSION COEFFICIENIS FOR MERIDIONAL MOTION IN QUADRANT 2
PREDICTOR )
NUMBER(.]) 12HR FCST 24HR FCST 36HR FCST 48HR. FCST 72HR FCST
J=0 ~1460.8500 —5988.7200 ~2184.,9900 ~-9980, 1000 ~7513.8900
1 06,3394 0.5305 0.6304 2,0591 2,6052
2 -0.3285 -D.&718 ~1.3496 ~1.41%4 -2,6256
3 -0.0616 -0.3052 -0.8176 1.9699 1.5720
A 0.2862 ~1,3040 1,1998 -0.7251 ~0,7912
5 0.2424 0.6722 0.8943 0.4367 2,2102
& ~0.1105 0.6610 ~1.1914 D.3416 ~1.6561
7 ~0.2695 -0,2593 0.705%3 ~1.1628 ~1.0721
8 -0.0791 -0, 5691 -1.3581 ~3.7577 1.6841
9 0.3760 0.5711 1.1708 2.1814 0.7030
10 0.3218 ~1.2176 -1.8641 -0.4325 ~1.5145
11 ~0. 3889 0.7017 ~0.2646 1.4554 2.6364
17 -0.2177 0.6471 0.6640 ~1.0409 ~3.1371
K=1 K=2 K=3 K=4 K=0
TABLE 13 REGRESSION COEFFICIENTS FOR MERIDIONAL MOTION IN QUADRANT 3
PREDICTOR
NUMBER{.]) 124R FCST 2AHR FCST 36HR_FCST 4BRR FCST 72HR_FEST
J=0 ~1627.8100 ~-2623.4600 ~3727.0700 ~10486, 5200 ~13480.4600
1 0.0542 ¢.3957 0.7465 0.9318 1.3604
2 -0.1656 -0,3331 -0,4678 -0.9216 1.8071
3 ~0.0916 -0,466 -1,3739 ~1,7113 -1.3363
4 -0.2167 0.5357 0, 8346 1,4618 0.1487
5 0.2184 ~0, 1654 0.4734 0.7420 2.46280
5 -0.,1196 0.153 -0.2772 -0,2332 -2.6765
7 -0,2159 -0,371% -0.7454 ~1.3098 0.7620
8 0.0955 -0.5022 -0.9526 0.3800 1.0357
9 ~0.2494 -0.1620 0.3324 -1.0554 -2,4506
10 0.45586 0.4497 0.6748 1.7763 -1.01369
11 ~0,3694 - - ~1.3458 -3,3532
12 0.1248 -- -~ -0,3231 —=
K=1 K=2 K=3 Kab K=6
TABLE 14 REGRESSION COEFPICIENTS FOR MERIDIONAL MOTION IN QUADRANT 4
PREDICTOR , o
RUMBER (J) i28R rCsT Z4HR FCST J6HR FCST 4BHR FCST _ 72HR FCST
K] ~14,0700 -159,8900 -1219,2400 ~5175,2800 1060, 5500
1 0.1180 0.2058 0.1785 -0,5315 ~0.3973 -
2 =0,3209 -0.2221 0.5276 -0, 8601 ~1.4220
3 0.4553 1,0320 -0,7827 1.5623 =3,1792
4 ~0.2657 0.1398 1.4015 0.2332 3,4207
5 04677 -0,5210 0.9691 -2,3132 3.0850
6 0.2578 0.459% -0.5803 2.1756 -1.9964
7 0.1633 =0, 3217 ~1,0550 0.4656 0.4665
8 0.2145 0.7814 1.0266 ~0.9626 0.9571
9 =0.4468 ~(.6372 ~1.2375 ~0.8463 2.2142
10 -0,2002 -0.8353 0.3160 0.5167 3.0570
11 0.3446 0.1421 -1.1409 0,6127 -2.3327
12 0,0418 0,1856 0,7889 1.0133 0,7371
Kel K=2 K=3 C Kmh Knb
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TABLE 15 REGRESSION COEFFICIENTS FOR ZONAL MOTION IN QUADRANT 1
PREDICTOR
NUMBER (J) 12HR FC5T 24HR_FCST 36HR FCST 48HR FCST 72HR FCST
J=0 -3217.2300 —~4437.6900 -3894.6100 ~1591,9500 5707.2300
1 0.7910 1.8303 1,9332 0.6087 1,1380
2 -0.9214 -0.7772 -1.9615 ~3.9473 ~5.4228
3 0.2531 0.5491 1.0730 3,3984 1,1874
4 -0.4460 -1,8328 0.8378 0.4705 ~1.5415
5 0.3125 0.6131 ~2,0042 -3.2640 1,8050
6 -0,1768 -1,0959 =1,7771 -0.5060 -2.5634
7 -0.2890 -0,6457 0.7606 -3.4409 -0.8738
8 - -0,2473 -0.9711 2.1678 3.2587
9 - - - i.6013 ~-3.7184
10 — — - -0.9613 5,4041
11 - — - .- -4.3315
K=1 =2 K=3 K=4 K=6
TABLE 1§ REGRESSION 'COEFFICIENTS FOR ZONAL MOTION IN QUADRANT 2
PREDICTOR
NUMBER (J) 12HR FCST 24HR FCST 36HR FCST 48HR FCST 72HR FCST
J=0 -4599.1500 ~-B355. 8600 -9996, 7600 ~7629,9000 ~9251,3200
1 0.4747 0.2846 0.4936 0.8063 1.5365
2 ~0.4619 0.2056 0.3487 -2.2289 0.9657
3 ~0.7932 0,9553 -1.4208 0.5234 ~2,7827
A 0.1406 -0,9344 1.3754 1.2749 1,0326
5 0.3581 ~-1.8130 -2.4599 -3.4333 2.4260
6 0.3446 0.3118 0.5114 0,8443 -2.5092
7 0.0556 0.6477 0,8487 0.5901 0.7477
8 - 0.4701 0,9417 1.0238 -
9 - — -0.7750 -1.3338 -
10 — - — 1.5484 -
K=l K=2 K=3 K=4 K=6
TABLE 17 REGRESSION COEFFICIENTS FOR ZONAL MOTION IN QUADRANT 3 _——
PREDICTOR
RUMBER(J) 12HR FCST 24HR FCST A6HR  FCST 48HBR  FCST 72HR FCST
J=0 -4496, 2500 -6546,2500 ~-10451, 5600 ~8462,0500 5318, 2900
1 0.7228 1.4398 0.4872 0.3193 1, 8812
2 -0.3194 -0.8317 -1.0173 ~1,3982 1.0222
3 0.6069 0.6594 0,3477 0.6335 -3.2945
A 0.6017 0,1611 -0.9736 -0.7087 1.6168
5 -0.3973 -0,7535 1.6529 2,6754 1,8127
6 -0,2905 1.1837 1.5643 0.9852 3.0646
7 -0.6329 -0.8589 0.4491 1.7273 -1.2410
8 0.4443 0.7257 -1.1596 -1.1425 -3.6733
9 — 0.1142 0. 8686 0.6542 1.8652
K=1 K=2 =3 K=4 K=6
TABLE 18 REGRESSION COFFFICIENTS FOR ZONAL MOTION IN QUADRANT 4
PREDICTOR
NUMBER{.J) 12HR FCST 24HR FCS8T A6HR FCST 4BHR FCST 72HR FCOST
J=0 -2818.7100 ~1776.0200 -2833.0298 1464 ,8198 5281.4297
1 0.4418 0.6955 0.6135 2.1048 0.7218
2 -0.7884 -0.8417 -1,3803 ~2.6085 -3.6882
3 0.4211 0.7089 1.3461 1.3769 1.0989
4 0.3795 -0.3860 1.0294 0.5125 ~1.7242
5 0.4369 0.9217 1.1769 0.9891 -3.7276
6 -0.3984 -1.5075 -2.2887 0.9507 1.3670
7 -0.5020 1.4163 1.7655 -1.3869 -2.0970
8 - 0.8608 -1.3402 -0.5087 1.9736
9 - -1.0812 - -2,7357 3.0078
10 —_— — - 1.2721 3.0445
11 -- - — 1.2237 ~1.6087
12 -- - - -2.4250 -
K=1 K=2 K=3 K=4 K=6
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Table 22 Standard error, reduction of variance and related statistical
data using the NHC72 equations on dependent data set
QUADRANT 1 MERTDIONAL MOTION ZONAL MOTION
12HR 24HR 36HR 4BHR 72HR  12HR 24HR  36HR 48HR 72HR
Number of
CABEY v 4« v e e s e s 332 332 332 332 332 332 332 332 332 332
Percentage reduction
of variance . , . . . . . . 85 70 67 64 54 92 81 74 70 66
Standard error of
forecast displacements , 21 62 101 150 278 20 65 121 180 312
Standard deviation of
observed displacements ., . 53 111 173 245 404 70 147 232 327 524
Mean absolute
forecast error . . . . . 19 54 87 121 217 15 51 95 147 248
Mean of observed
digplacements . . . . . . 101 197 292 389 588 -24 -62 -117 -187 =361
QUADRANT 2 MERIDIONAL MOTION ZONAL MOTION
12HR  24HR  36HR 48HR 72HR 12HR 24HR 36HR 4BHR _ 72HR
Number of
CaBEB ., 4 4 4 4 4 . . 382 382 g2 382 38z 382 382 382 382 82
Percentage reduction
of vartance . . . . . , 83 68 62 57 51 88 80 75 71 67
Standard error of
forecast displacements 17 47 84 123 219 19 51 91 140 263
Standard deviation of
observed displacements . 40 831 134 i85 310 54 112 177 256 452
Mean absolute )
forecast error ., . . . . 13 38 66 100 171 16 40 70 110 211
Mean of observed
displacements . ., . ., . . 74 148 228 309 480 80 140 181 198 162
QUADRANT 3 MERIDIONAL MOTION ZONAL MOTION
12HR 24HR 36HR  48HR 72HR  12HR 24HR  36HR 48HR 72HR
Number of
CAS@S8 + + 4 o« s s 370 370 370 370 370 370 370 370 370 370
Percentage reduction
of variance . . . . . . . 86 68 61 56 48 89 79 74 70 68
Standard error of .
forecast displacements PR 15 47 79 116 214 17 51 89 134 234
Standard deviation of
observed displacements . 40 82 125 172 293 53 109 171 240 409
Mean absolute
forecast error . . . 11 33 60 83 150 13 38 66 100 173
Mean of observed
displacements . . . . . . 3z 75 126 186 331 70 131 182 219 238
QUADRANT 4 MERIDIONAL MOTION : ZONAL MOTION
12HR 24HR 36HR 48BHR  72HR 12HR 24HR 36HR 48HR 72HR
Number of
CHSEB « v + 4 4 v o v v o 324 324 324 324 324 324 324 324 324 324
Percentage reduction
of variance . . . . .« . . 82 70 65 63 58 93 85 80 79 73
Standard error of )
forecast displacements . 19 56 99 147 254 20 63 114 160 286
Standard deviation of
observed displacements . . 44 101 165 237 387 76 161 249 344 542
Mean absolute
forecast error . . . . ., 16 43 82 112 189 15 50 95 130 238
Mean of obserwved
displacements ., . . P 51 113 179 257 434 =37 =77 =121 -171 -299

Note:
negative,.

Displacements are in units of nautical miles with southward and eastward motlon



